The affinity for oxygen of normal adult human haemoglobin (Hb) solutions was measured in the presence of increasing concentrations of halothane. We observed a maximum increase in P i0 of 25% with halothane 40 kPa compared with control (oxygen-argon gas mixtures) indicating the oxygen-linked character of the binding of halothane to the Hb molecule. The effect of halothane on P i0 was independent of pH between 7.0 and 8.0 and of chloride concentration between 10 and lOOmmol litre"
The binding of halothane to human adult haemoglobin was demonstrated by different authors with various techniques (Schoenborn, 1968; Laasberg and Hedley-White, 1971; Barker et al., 1975) . It was not known if binding was affected by oxygenation of Hb. If a difference existed between the binding constant of halothane to reduced and fully oxygenated Hb, a change would be predicted in the affinity of Hb for oxygen (Antonini and Brunori, 1971) . The addition of halothane to whole blood was reported to induce a decrease (Gillies et al., 1970; Smith, Colton and Behar, 1970) or no effect (Millar, Beard and Hulands, 1971; Waltemath, 1971; Weiskopf, Nishimura and Severinghaus, 1971) on the affinity of Hb for oxygen. These discrepancies may be explained as technical error since halothane has been shown to alter the response of polarographic Po 2 electrodes used in some of these experiments (Dent and Netter, 1976; McHugh, Epstein and Longnecker, 1979) or from the large influence of various anion cofactors on the oxygen affinity of Hb in the erythrocytes which may make a small effect of halothane difficult to detect. It was demonstrated in this laboratory that short-chain aliphatic hydrocarbons such as pentane, pentene or butene decrease the oxygen affinity of purified Hb A solutions independent of pH and ionic strength of the buffer solutions . This suggested that nonelectrostatic interactions, probably hydrophobic, were responsible for the effect.
Halothane is chemically similar to these shortchain hydrocarbons and we investigated its effect on the affinity for oxygen of isolated normal adult Hb and on the alkaline Bohr effect.
METHODS

Experiments
Oxygen binding studies were carried out on purified, stripped HbA (tx 2 P 2 ) solutions at a concentration of 10 g litre" i at 25 °C. The preparation of HbA from whole normal adult blood has been described previously (Poyart, Bursaux and Bohn, 1978) . The purity of the fraction used was checked by isoelectric focusing (Multiphor LKB, Bromma, Sweden) which displayed one single band. Aliquots of stock Hb solution were diluted in bis Tris HC1 50mmol litre" 1 or Tris HC1 buffers containing sodium chloride. Four types of solution were prepared: two pH 7.0 and 8.0 containing sodium chloride 100 mmol litre" i and two also pH 7.0 and 8.0 containing sodium chloride 10 mmol litre " ! . The four solutions allow rapid study of the effects of pH and anions on Hb.
The measurements of P i0 were performed with a discontinuous equilibrium method (Poyart, Bursaux and Bohn, 1978) . Two millilitre of diluted Hb solution was deoxygenated under humidified argon at 25 °C in a glass tonometer attached to an optical glass cuvette. The glass vessel was sealed during the experiment and had two ports.
One was sealed with a rubber cap to allow injection into the tonometer of a reagent or gas; the second port allowed gas to flow at constant pressure inside the vessel. Deoxygenation of Hb solutions usually lasted 10 min and was judged to be complete when the ratio of the absorbance at 554.5 nm to that at 540 nm was at least 1.25 (Van Assendelft, 1970) . This ratio also indicates a negligible amount of methaemoglobin. After recording the spectrum of the deoxygenated Hb (Pye Unicam SP 1800 Spectrophotometer), small amounts (0.1-0.2 ml) of pure oxygen were introduced to the vessel through the rubber-capped side hole with a Hamilton syringe. The Hb solution was equilibrated at 25 °C for 7 min by gentle shaking and the same volume of gas was withdrawn to keep pressure inside the vessel constant. The spectrum of the partially oxygenated Hb was recorded and readings of absorbance made at 576.5 and 560 nm. Five or six points on the oxygen binding curve were determined for each experiment. Finally the spectrum of fully oxygenated Hb was obtained after equilibrating the solution with pure humidified oxygen. The amount of methaemoglobin formed during the experiments did not exceed 5%, estimated from the ratio A 52O IA 54 . O of fully oxygenated Hb.
Experiments with halothane were carried out with the same technique except that, after deoxygenation with argon, the vessel was filled with various concentrations of halothane in argon and equilibrated, for 20 min at 25 °C. Argon saturated with halothane at 25 °C was obtained by bubbling argon 100 ml min" 1 through halothane. Various concentrations of halothane were obtained by mixing flows of halothane-saturated argon with humidified argon using two precision flowmeters (Laboratoires Houdec, Corbeil, France). After the experiments with halothane, the spectra of fully oxygenated Hb were recorded with the same fraction of halothane but mixed with pure oxygen. No changes in deoxygenated or in fully oxygenated spectra (from 510 to 630 nm) were observed in the presence of halothane, which indicates that halothane did not produce any alteration of the protein.
The addition of pure oxygen to the tonometer during determination of P so caused a decrease in the initial maximum of halothane concentration. As this contributed only a maximum of 2% change, no correction was made for this effect. pH measurements were made at 25 °C in the buffer solutions and at the end of each experiment with a pH electrode and a PHM 62 pH meter calibrated > with precision buffer solutions S 1500 and S 1510 (Radiometer, Copenhagen, Denmark). All reagents used in this series of experiments were of analytical grade. Argon and oxygen were of the purest grade available commercially (CFPO, Nanterre, France).
i
Calculations
Fractional saturation (y) of Hb with oxygen and corresponding Po 2 were calculated as indicated in the appendix. P iQ and h so , the index of haem-haem interaction at P i0 , were computed from 5 or 6 points of the mid-portion (0.3 <y < 0.8) of the oxygen binding curve according to the Hill equation. The vapour tension of halothane at 25 °C was calculated from the Antoine equation using the constants given by Rodgers and Hill (1978) and was 39.9 kPa for halothane-saturated argon. The solubility coefficient of halothane in aqueous solution was taken ' from Steward and others (1973) and Allott and colleagues (1973) . Statistical analysis was performed with Student's t test and P values estimated according to Schwartz (1963) .
RESULTS
The Pso results and the influence of halothane at a partial pressure of 40 kPa are shown in table I. At this high partial pressure, halothane induced an increase in P 5Q (decreased oxygen affinity) of approximately 25% compared with values obtained in its absence. This increase was similar in the four conditions of pH and sodium chloride concentrations, which indicated that this effect was not dependent upon pH or ionic strength. Indeed, the value of the alkaline Bohr effect estimated as the difference of log P so between pH 7.0 and pH 8.0 was similar whether halothane was present or not. In the four conditions the binding of oxygen to Hb remained satisfactory in the presence of halothane and similar to that observed with argon. The effect of halothane was reversible, since a solution of deoxy-Hb previously equilibrated for 1 h with a halothane-argon gas mixture had a P 50 value identical to that determined in the absence of halothane when washed for 15 min with pure argon.
The results demonstrate the differential binding of halothane to deoxy-and fully oxygenated Hb. The increase in P i0 indicates that deoxy-Hb has a greater affinity for halothane than HbO 2 (Antonini and Brunori, 1971 ). P 50 of Hb solutions were measured under various concentrations of halothane to determine if this effect could be demonstrated at partial pressures similar to those used clinically. Figure 1 illustrates the dependence of P 50 upon the partial pressure of halothane. The hyperbolic shape of this curve indicates a saturating mechanism for oxygen-linked binding of halothane to Hb. These results allow estimation of the amount of halothane released from Hb per mole of haem oxygenated. According to the linked-function relationship (Wyman, 1964) this is obtained from the ratio A log P50/A log [halothane] mmol litre"' provided that the oxygen binding curves remain symmetrical in the presence of the factor concerned, and is halothane 0.05 mol per mol haem oxygenated. This quantity is small compared with other factors such as chloride, 0.5 mol at pH 7.0 . From the value of the upper asymptote estimated from the curve shown in figure 1 , a Hill plot can be drawn relating the logarithm of the fractional effect to the logarithm of the concentration of halothane (fig. 2) . The plot is linear with a slope of unity. The overall apparent association constant of oxygen-linked halothane (Ka) is 3.2 mmol"
1 . This is about half that estimated for butene binding and much less than that of chloride ions (13 mmol"') or 2, 3-DPG binding (280 mmoP 1 ) (Benesch et al., 1971) .
DISCUSSION
The mechanism involved in the binding of halothane to Hb cannot be demonstrated with certainty from our results. These show, however, that the mechanism does not seem to involve electrostatic interactions as it is independent of pH and of ionic strength. Hydrophobic interactions may cause this effect as discussed for dichloromethane (Schoenborn and North, 1978) , butene and halothane (Barker et al., 1975) . A slope of unity of the Hill plot in figure 2 indicates that oxygen-linked halothane binds to one single binding site or, more likely, to several identical sites on the Hb tetramer. These binding sites should lie in the interior of the polypeptide chains which are lined with hydrophobic side-chain residues. This might be at the <x$ 2 interface as advocated for dichloromethane binding by Schoenborn and North (1978) from x-ray diffraction studies, or possibly also in the highly hydrophobic haem pocket (Perutz, 1976) . In the latter hypothesis, halothane molecules would alter, through some steric hindrance, the changes in geometry of the haem link to oxygen. Arnone (1974) recognized the presence of a carbon dioxide molecule in a hydrophobic hole to the rear of the P haem group in an x-ray study of crystalline human deoxy-Hb equilibrated at Pco 2 10° kPa. In conclusion, we have demonstrated the oxygen-linked character of halothane binding to human adult Hb. We suggest that this binding involves hydrophobic interactions within Hb because of the independence of the effect of pH or anion concentration. The effects of halothane appear of minor importance in oxygen binding to Hb in vivo compared with other factors acting through electrostatic interactions. The results provide another example of a reversible allosteric effect on Hb acting through nonelectrostatic interactions. This mechanism may account also for the effect of halothane on other proteins, especially enzymes such as glutamate dehydrogenase, the function of which is reported to be altered in the presence of halothane (Brammal, Beard and Hulands, 1973) . 
